Surfactant proteins A (SP-A
Both SP-A and SP-D bind to the lipopolysaccharide (LPS) of gram-negative bacteria (18, 35) . The LPS of most gramnegative bacteria consists of a lipid A domain, a relatively conserved core oligosaccharide, and a highly variable O-antigen polysaccharide. SP-A has been shown to bind to the lipid A portion of purified LPS (35) , while SP-D has been shown to bind to the core oligosaccharide (18) . The respiratory pathogen Bordetella pertussis, the causative agent of human whooping cough (32) , has a typical lipid A region linked to a branched core oligosaccharide by a single ketodeoxyoctulosonic acid (Kdo) residue (Fig. 1 ). It lacks a polymerized O-side chain but has a nonrepeating trisaccharide consisting of ␣-N-acetylglucosamine (GlcNAc), ␤-2-acetamido-3-acetamido-2,3-dideoxy-mannuronic acid (diNAcManA), and ␤-l-2-acetamido-4-methylamino-fucose (FucNAcMe) (8, 26) . Expression of the trisaccharide is controlled by a 12-gene operon, known as the wlb locus (1, 3) . The wlbG gene is necessary for the synthesis of FucNAcMe, and WlbG mutants fail to express the entire terminal trisaccharide (1, 3) . The WaaF protein adds a heptose residue to the Kdo, and WaaF mutants produce a truncated core and also fail to express the terminal trisaccharide (2) . Previous studies demonstrated that SP-A does not bind to wild-type B. pertussis (32) . However, SP-A was able to bind to strains with mutations in the wlb operon, which is responsible for the addition of the terminal trisaccharide, and these mutants were susceptible to the SP-A-mediated antimicrobial functions (32) .
Bordetella bronchiseptica is the causative agent of a number of important veterinary diseases, including kennel cough in dogs and atrophic rhinitis in pigs. B. bronchiseptica is evolutionarily closely related to B. pertussis, and it has been sug-gested to be the recent ancestor of B. pertussis (25) . The LPS of B. bronchiseptica is similar to that of B. pertussis ( Fig. 1 ), but it has two major differences. B. bronchiseptica LPS contains a repeating O-antigen structure comprised of a homopolymer of 2,3-dideoxy-2,3-di-N-acetylgalactosaminuronic acid (2,3-diNAcGalA). The Wbm operon is responsible for synthesis of O antigen, and mutants in this operon lack O-antigen expression (28) . The Wlb operon of B. bronchiseptica directs the synthesis of the terminal trisaccharide, and a B. bronchiseptica strain deleted for the Wlb operon, like the WlbG mutant of B. pertussis, fails to express terminal trisaccharide. Interestingly, however, the Wlb mutant also lacks expression of the O antigen (3). B. bronchiseptica also possesses a functional copy of the pagP gene. PagP adds a palmitate to lipid A (29) . The pagP gene in B. pertussis has an insertion sequence element in the promoter region, and PagP palmitoylation has not been observed in B. pertussis (29) . In this study we examined the interaction of SP-A and SP-D with wild-type and LPS mutant strains of B. pertussis and B. bronchiseptica. The unique LPS structure of the bordetellae provides an opportunity to examine the structural basis of the interaction between collectins and LPS.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains used in this study are described in Table 1 . For the phagocytosis studies, we used B. pertussis derivatives containing plasmid pGB5P1, pCW505, or pCW382-6 encoding green fluorescent protein (GFP), as described in previous studies (36) . B. pertussis and B. bronchiseptica strains were grown with the appropriate selective antibiotics on Bordet Gengou (BG) agar (Becton Dickinson, Sparks, Md.) supplemented with 15% defibrinated sheep's blood. Antibiotics were used at the following concentrations: gentamicin sulfate, 30 g/ml; nalidixic acid, 30 g/ml; kanamycin, 50 g/ ml; chloramphenicol, 15 g/ml; streptomycin, 100 g/ml; erythromycin, 5 g/ml.
A human fecal isolate of Klebsiella pneumoniae was grown on Luria-Bertani (LB) agar (Becton Dickinson), and B. bronchiseptica was grown in LB broth.
Isolation and characterization of LPS. Mutant and wild-type LPS was isolated by incubating bacteria with 0.1 mg of proteinase K (Sigma, St. Louis, Mo.)/ml for 1.5 h at 56°C, followed by acetone precipitation (32) . Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), silver staining (34) , and immunoblotting were performed as previously described (32) . Following SDS-PAGE, gels were transferred to Immobilon-P polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, Mass.) and probed with primary antibodies at a 1:1,000 dilution. Primary antibodies were the following: band A LPS, monoclonal BL-2 (5); band B LPS, monoclonal antibody BL-8 (21) .
SP-A and SP-D. Human SP-A was purified from lung washings of patients with the lung disease alveolar proteinosis as previously described (40) . Rat SP-D was purified from the bronchoalveolar lavage (BAL) of silica-pretreated SpragueDawley rats as previously described (40) . Recombinant mouse SP-D was purified from insect cells as previously described (40) .
Aggregation by SP-A or SP-D. The ability of SP-A or SP-D to aggregate strains of B. pertussis and B. bronchiseptica was determined as previously described (32) . Briefly, bacteria were grown overnight on BG agar and suspended to an optical density at 600 nm (OD 600 ) of approximately 0.6 in Stainer-Schulte (SS) salts containing 0.135 mM CaCl 2 , which is sufficient to support the calcium-dependent activities of the surfactant proteins. Purified SP-D was added at 5 or 10 g/ml as indicated in the figure legends, and SP-A was added at 10 g/ml. Samples were incubated at 37°C with shaking at 150 rpm, and the OD 600 was determined after 3 h. Assessment of membrane integrity. Bacterial membrane integrity was assessed using the membrane-impermeant fluorescent probe propidium iodide (Molecular Probes, Eugene, Oreg.) as previously described (32) . Briefly, bacteria were grown on agar media for 16 h and suspended in SS salts prewarmed to 37°C to an OD 600 of approximately 0.07. Bacterial controls or bacteria with SP-A (100 g/ml) or SP-D (10 g/ml) in a final volume of 250 l in a 5-ml polypropylene tube were incubated for 2 h at 37°C with shaking. An equal volume of propidium iodide in SS salts was added to a final concentration of 30 M, and samples were incubated for 15 min at room temperature, protected from light. Bacteria were pelleted and suspended in fresh SS salts to one-tenth the original volume, and 7 l was mounted on a glass slide. Samples were observed by phase-contrast microscopy to identify the bacterial cells and under a Texas Red filter (excitation, 560 nm; emission, 630 nm) to assess propidium iodide staining with a Zeiss Axioplan 2 microscope. Images were photographed with a Hamamatsu CCD digital camera. At least three fields were photographed for each slide, and three independent experiments were performed. Representative images from each group are shown.
Assessment of viability. Viability following treatment with SP-A and SP-D was by monitoring incorporation of [
3 H]uridine as previously described (40) . Briefly, wild-type B. bronchiseptica strain RB50 and the Wlb mutant were grown overnight in SS salts at 37°C with shaking and were centrifuged, washed, and suspended at an OD 600 of approximately 0.04 in 50% SS salts and 50% HBSS (Hank's balanced salt solution; BioWhittaker, Rockland, Md.) containing 40 mM Tris (pH 7.4), 0.1% Casamino Acids, 0.9% NaCl, and 0.4 Ci of [
3 H]uridine (Amersham Pharmacia Biotech, Piscataway, N.J.)/ml in the presence or absence of 50 g of SP-A/ml or 20 g of recombinant mouse SP-D/ml. The low-molecular-weight filtrate (Ͻ10,000 Da), which was not retained in the dialysis tubing from the dialysis step in the purification of SP-A, served as a negative control. The bacteria were incubated at 37°C with shaking for 3 h. The reaction was stopped by addition of ice-cold 10% trichloroacetic acid. The precipitated cell products were captured on filter membranes and counted in a scintillation counter.
Phagocytosis by rat alveolar macrophages. Alveolar macrophages were harvested from adult Harlan rats by three serial lung lavages with 10 ml of phosphate-buffered saline (PBS) each, pelleted, and suspended to 6 ϫ 10 6 per ml in HBSS with 10 mM HEPES (Sigma) and 10% fetal bovine serum (Gibco). One milliliter of cells was added to the wells of a sterile 24-well tissue culture dish containing glass coverslips, and the cells were incubated for 1 h at 37°C and 5% CO 2 to allow for adherence of the macrophages. For SP-D opsonization, SP-D was added to bacteria at 10 g/ml and was incubated for 15 min at 37°C, while control bacteria were incubated without SP-D. The samples were diluted to 400 l and were added to wells containing adherent macrophages. GFP-expressing bacteria were added at a multiplicity of infection (MOI) of approximately 5, the plates were centrifuged for 5 min at 640 ϫ g to facilitate contact between the bacteria and the macrophages, and the solution was incubated for 1 h at 37°C and 5% CO 2 to allow phagocytosis to occur. Following phagocytosis, wells were washed three times with HBSS containing 10 mM HEPES to remove nonadherent bacterial cells, and the coverslips were stained with ethidium bromide and processed as previously described (36) (37) (38) . Slides were observed by fluorescence microscopy under a GFP filter (excitation, 470; emission, 535). Adherent B. pertussis will take up the ethidium bromide and appear orange under fluorescence microscopy, while the internalized B. pertussis cells resist ethidium bromide staining and remain green fluorescent (36) (37) (38) . The numbers of adherent and internalized bacteria were counted for 100 macrophages per coverslip, performed in triplicate, with at least three independent repetitions. Statistical analysis was performed using Student's t test. B. bronchiseptica resists staining with ethidium bromide, and phagocytosis was not characterized for these strains.
RESULTS AND DISCUSSION
Characterization of LPS. The LPS phenotypes of the strains used in this study are summarized in Fig. 1 . LPS and especially O-antigen expression (29) can be influenced by growth conditions, and LPS expression under the growth conditions used in this study was characterized. B. pertussis LPS often resolves as two bands on silver-stained polyacrylamide gels, referred to as band A and band B (26) . Band A represents the full-length LPS molecule, including lipid A, core oligosaccharide, and the terminal trisaccharide. Band B is a biosynthetic intermediate for band A, and band B represents incomplete LPS lacking the terminal trisaccharide (Fig. 1) . Band A was the predominant form observed in silver-stained gels of LPS from wild-type B. pertussis ( Fig. 2A) and on Western blots (Fig. 2B) . The lack of reactivity of the wild type with the monoclonal antibody to band B suggests that this intermediate fails to accumulate in the wild-type strain, and the faster-migrating bands may represent other LPS intermediates.
The LPS from the B. bronchiseptica Bvg-minus mutant was characterized. The Bvg (Bordetella virulence gene) regulatory locus controls transcription of numerous genes known to play a role in virulence, and previous studies have shown that Bvg mutants also fail to express PagP (39). On silver-stained gels all three strains expressed O antigen ( Fig. 2A) . Both the Bvg mutant and the PagP mutant are unable to modify lipid A (29); however, modified and unmodified lipid A are not resolved by standard electrophoresis conditions. Band A and band B expression is most clearly observed on Western blots; the wild type, Bvg-minus mutant, and PagP mutant all expressed both band A and band B LPS (Fig. 2B) .
The Wbm and Wlb mutants of B. bronchiseptica failed to express the O antigen ( Fig. 2A) . The Wbm mutant of B. bronchiseptica has a deletion in the genes needed for O-antigen expression and expressed predominantly band A LPS (Fig.  2B) , a structure that is similar to that of wild-type B. pertussis. The B. bronchiseptica Wlb mutant has an insertion in the genes required for the addition of the terminal trisaccharide to the core oligosaccharide (13 Fig. 2A) . The O antigen of B. bronchiseptica LPS is attached to the core, not the trisaccharide, and it is not known why deletion of the wlb locus prevents expression of the O antigen (13) . It is possible that the Wbm enzyme that attaches the O antigen to the core only when full-length band A LPS is present. Aggregation of B. bronchiseptica by SP-A. The ability of SP-A to promote aggregation of B. bronchiseptica was examined. Bacterial suspensions were incubated with or without SP-A and the optical density was monitored. In the absence of SP-A, none of the strains demonstrated a significant drop in optical density (Fig. 3 ) over 3 h, indicating that the bacteria remained in suspension. When SP-A was added, only the optical density of the Wlb strain decreased significantly (P Ͻ 0.5), suggesting that this mutant was aggregated by SP-A. These results are similar to those observed with B. pertussis, where SP-A was only able to aggregate mutants lacking one or more of the sugars of the terminal trisaccharide (32) .
Bactericidal activity of SP-A. Both SP-A and SP-D are able to directly inhibit the growth of some gram-negative bacteria by permeabilizing the bacterial membrane via a CRD-mediated mechanism (40) . To test for SP-A-mediated membrane permeability, the bacteria were incubated with SP-A for 2 h and the membrane-impermeant DNA-specific fluorescent dye propidium iodide was used as an indicator of membrane permeability. A K. pneumoniae strain, known to be susceptible to SP-A and SP-D (40), was used as a positive control. Bacterial aggregation was not seen in the absence of SP-A when the organisms were viewed by phase-contrast microscopy (data not shown). In the presence of SP-A, the wild-type strain (Fig. 4A) and the Wbm and PagP mutants (data not shown) were not aggregated or permeabilized by SP-A. However, the K. pneumoniae strain and the B. bronchiseptica Wlb mutant were aggregated and permeabilized by SP-A as evidenced by propidium iodide staining of the bacterial clusters (Fig. 4A) .
To confirm that membrane permeability was associated with bacterial death, we monitored uptake of [ 3 H]uridine in the presence or absence of SP-A (Fig. 4B) . Wild-type strain RB50 incorporated similar amounts of uridine under all growth conditions tested. In contrast, the ability of the Wlb mutant to incorporate uridine was significantly inhibited by SP-A but not by the filtrate from the SP-A purification, which lacks SP-A. These results corroborate previous studies that demonstrated that SP-A-mediated permeability is associated with loss of viability (40) .
Aggregation of B. pertussis and B. bronchiseptica by SP-D. The ability of SP-D to promote aggregation was also examined. In the absence of SP-D, none of the strains demonstrated a significant drop in optical density (Fig. 5, black bars) . In the presence of 5 g of SP-D/ml, only the B. pertussis WaaF mutant lacking the full-length core was aggregated (Fig. 5, gray  bars) . When 10 g of SP-D was added/ml, the strains lacking the terminal trisaccharide, the B. pertussis WlbG and B. bronchiseptica Wlb mutants, were also aggregated (Fig. 5 , white bars), indicating that the terminal trisaccharide and, to a lesser extent, the full-length branched core, confer resistance to SP-D binding.
Membrane permeabilization by SP-D. The ability of SP-D to permeabilize wild-type and mutant B. pertussis and B. bronchiseptica was also examined. Bacteria incubated with SP-D were stained with propidium iodide and examined by phase-contrast and fluorescence microscopy. The wild-type B. pertussis or B. bronchiseptica (Fig. 6) , as well as the B. bronchiseptica PagP and Wbm mutants (data not shown), were not aggregated by SP-D or stained by propidium iodide in the presence or absence of SP-D. In contrast, the SP-D susceptible K. pneumoniae strain, the B. bronchiseptica Wlb mutant, and the B. pertussis WlbG and WaaF mutants were aggregated and permeabilized by SP-D (Fig. 6) .
The ability of SP-D to prevent incorporation of [ 3 H]uridine was also examined. In the presence of 20 g of mouse recombinant SP-D/ml, an 80% reduction in [ 3 H]uridine incorporation was observed for the B. bronchiseptica Wlb mutant; however, no effect was seen for the wild-type B. bronchiseptica strain (date not shown). These data suggest that band A LPS containing the terminal trisaccharide confers protection from the bactericidal activities of SP-D.
Effects of SP-D on phagocytosis of B. pertussis by rat alveolar macrophages. Previous studies have demonstrated a role for SP-D in enhancing the uptake of a variety of opsonized particles by monocytes and macrophages (20, 24, 27, 30, 31) . Studies of Pseudomonas aeruginosa (31) and Mycobacterium tuberculosis (10) have shown that SP-D can affect phagocytosis without mediating aggregation, indicating that these two functions are separate. We examined the effects of SP-D opsonization on phagocytosis of wild-type and LPS mutant strains of B. pertussis by rat alveolar macrophages (Fig. 7) . As observed in previous studies with human peripheral blood monocytes (33) , phagocytosis of unopsonized B. pertussis by rat alveolar macrophages was relatively inefficient, with less than one internalized bacterium per monocyte when experiments were conducted at an MOI of 5 (Fig. 7) . Internalization of wild-type and LPS mutant strains by rat alveolar macrophages was similar in the presence or absence of SP-D (Fig. 7) . Phagocytosis of B. pertussis by monocytes (33) and macrophages (Fig. 3) appears to be inherently inefficient, and resistance to phagocytosis does not cor- It was previously reported that wild-type LPS of B. pertussis is resistant to binding, aggregation, opsonization, and permeabilization by SP-A (32) . In this study, we have shown that Bordetella strains expressing the terminal trisaccharide, a structure equivalent to wild-type B. pertussis LPS, are resistant to aggregation by both SP-A and SP-D. Membrane permeabilization was observed only in cases where SP-A or SP-D was able to aggregate the bacteria.
Expression of the intact, branched core appears to confer additional resistance to SP-D, because the WaaF mutant, which produces a core consisting of only a single heptose (2) , was aggregated at lower doses of SP-D than the Wlb trisaccharide mutants, which produce intact core. In studies of SP-D binding to a variety of Salmonella minnesota LPS mutant strains, SP-D bound to Rd mutant strains which express a terminal heptose molecule, but not to LPS mutants lacking this residue, strongly implicating heptose residues as a binding site for SP-D on gram-negative bacteria (18) . Furthermore, SP-D bound less efficiently to S. minnesota mutants with less extensive truncations of their LPS than the Rd mutant (18) . The increased susceptibility of the WaaF mutant compared to that of the Wlb mutants is consistent with these findings.
B. bronchiseptica produces LPS with an O antigen and palmitoylated lipid A. Neither of these modifications altered 
